We report the most precise observations to date concerning the spin structure of magnetic skyrmions in a nanowedge specimen of cubic B20 structured FeGe. Enabled by our development of advanced Differential Phase Contrast (DPC) imaging (in a scanning transmission electron microscope (STEM)) we have obtained high spatial resolution quantitative measurements of skyrmion internal spin profile. For hexagonal skyrmion lattice cells, stabilised by an out-plane applied magnetic field, mapping of the in-plane component of magnetic induction has revealed precise spin profiles and that the internal structure possesses intrinsic six-fold symmetry. With increasing field strength, the diameter of skyrmion cores was measured to decrease and accompanied by a non-linear variation of the lattice periodicity. Variations in structure for individual skyrmions across an area of the lattice were also studied utilising a new increased sensitivity DPC detection scheme and a variety of symmetry lowering distortions were observed. To provide insight into fundamental energetics we have constructed a phenomenological model, with which our experimental observations of spin profiles and field induced core diameter variation are in good agreement with predicted structure in the middle of the nanowedge crystal. In the vicinity of the crystal surfaces, our model predicts the existence of in-plane twisting distortions which our current experimental observations were not sensitive to. As an alternative to the requirement for as yet unidentified sources of magnetic anisotropy, we demonstrate that surface states could provide the energetic stabilisation needed for predomination over the conical magnetic phase.
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I. INTRODUCTION
It was established theoretically quite some time ago, that in magnetic systems with broken inversion symmetry, the Dzyaloshinskii-Moriya (DM) exchange interactions stabilize long-period modulations of the magnetization vector propagating with a fixed rotation sense along one (helices) 1 or two (skyrmions) 2,3 spatial directions. Since the year 1976, chiral helical modulations have been identified by magnetization measurements and polarized small-angle neutron scattering techniques in several classes of bulk noncentrosymmetric magnetic crystals including an extending group of cubic helimagnets with B20-type structure (space group P 2 1 3) 4,5 . Specific magnetic anomalies reported to occur near the ordering temperature of bulk cubic helimagnets indicate the existence of multidimensional chiral modulations (see e.g. [7] [8] [9] ) and are in accordance with theoretical predictions of skyrmion textures 10, 11 . Recently, the fabrication of high-quality thin films of noncentrosymmetric cubic and uniaxial ferromagnets [12] [13] [14] [15] [16] [17] [18] and nanolayers of common magnetic metals with surface/interface DM interactions 19, 20 have provided a material basis for detailed investigations of chiral modulations and possibilities for applications in spintronic devices 21, 22 . Despite such extensive focus, the precise spin-structure of skyrmions and the basis for their energetic predominance over the helical and conical states 23, 25 , which also arise from competition between symmetric ferromagnetic exchange and antisymmetric DM interaction, has not yet been fully explained 3, 23, 24, 33 . More recently a number of image based observations, utilising image reconstruction based on the transport of intensity equation (TIE), from the Fresnel mode of Lorentz transmission electron microscopy (TEM) or magnetic force microscopy 26 have provided insight into general skyrmion form, lattice arrangement and behaviour. Holographic TEM imaging has been applied to lattice skyrmions in (Fe,Co)Si where the reconstruction obtained provided higher, but not precisely quoted, spatial resolution characterisation 27 . The resulting interpretation was that lattice skyrmions possessed cylindrical symmetry and showed no variation in magnetic structure through the thickness of the nanowedge sample. In Ref.
20 spin-polarized scanning tunneling microscopy (SP-STM) has been applied to resolve the internal structure of isolated skyrmions in nanolayers PdFe/Ir (111) with interface induced DM interactions. These skyrmions are an order of magnitude smaller and possess spin structures distinct from lattice skyrmions observed in bulk cubic heli-magnets.
In this article, we report results obtained using a novel high spatial resolution imaging method capable of providing quantitative measurements of the magnetic induction distribution in modulated states of different classes arXiv:1606.04681v2 [cond-mat.mes-hall] 4 Aug 2016 of noncentrosymmetric magnets. Using differential phase contrast (DPC) imaging, performed in a scanning transmission electron microscope (STEM), we reveal the internal magnetic spin profile of lattice skyrmions in a freestanding nano-wedge of FeGe at T=250K. Stabilized by the influence of an applied magnetic field, our imaging shows that the average lattice skyrmion possesses intrinsic six-fold symmetry and profile measurements reveal that the width of the skyrmion core decreases as the field strength is increased, accompanied by changes in the lattice periodicity. Furthermore, through utilising an enhanced detection scheme we show that, although the arrangement of lattice skyrmions is highly periodic, there is a significant level of individual structure variation which for some skyrmions results in their spin profile symmetry being reduced. This observation documents a more subtle alteration than recent works which have highlighted distortions to the skyrmion lattice through Fresnel imaging 36, 51 and to skyrmions themselves, also by DPC imaging 50 , at a crystal grain boundary. Within a standard phenomenological model 1,28 we derive rigorous solutions for skyrmion lattice cells in thin layers of cubic helimagnets at different applied fields. We also predict that the structure of the skyrmion lattice includes regions of twisting of the in-plane magnetisation close to the material surfaces in which it is confined and that these surface states lead to energetic stabilisation of the skyrmion lattice over the conical state. Finally we consider our experimentally observed evolution of the skyrmion lattice structure and find consistency with our presented theoretical model.
II. EXPERIMENTAL MEASUREMENT OF STRUCTURE
Benefitting from developments in aberration correction for electron optics we have recently improved the range of sensitivity and spatial resolution, to better than 1nm, available from the Differential Phase Contrast (DPC) imaging mode 46, 47, 52 . For the purpose of imaging skyrmions in B20 structured FeGe, a wedge shaped specimen with < 110 > normal was extracted from a vapour grown bulk single crystal sample (details of preparation and characterisation given in Supplementary Information). The thickness of the wedge increased linearly from 60 − 150nm over a distance of 3µm from it's apex and was thin enough to be suitably transmitting for 200keV electrons, figure 1. For electrons at normal incidence the beam is only sensitive to the in-plane magnetic induction components of the skyrmions as dictated by understanding based on the wave-optical AharanovBohm effect 48 . As the focused electron beam possesses much smaller diameter than the period of the in-plane magnetisation curling, for each point in a raster scan, the phase shift of the traversing electron waves manifests itself at the detector plane as an angular deflection of the transmitted electron cone, as shown in figure 1(a).
For this work we have chosen to employ an increased probe size, half-width 3nm, in order to obtain a reduced probe semi-convergence angle of 415µradians and therefore greater sensitivity to µradian angular displacements.
Direct viewing of the angular displacements is achieved by forming orthogonal difference images (e.g. A-C and B-D) and constitutes a differentiation of the electron wave-phase gradients induced by the sample. Figures  1(b) & (c) show the orthogonal DPC difference images obtained from a relatively flat region of the specimen containing lattice skyrmions with an applied field (supplied by the partially excited objective lens) of strength H appl = 796Oe. Performing DPC imaging with an annular, rather than solid, detector provides a means by which to suppress unwanted differential contrast from non-magnetic origins 49 . In this case signals from the inner segments E,F,G,H were used to subtract minor differential contrast variations from diffraction by weak bend contours. tron beam deflection, β, from across the skyrmion structure. From figure 2(e) it can be observed that the histogram is composed of six spokes, numbered 1-6, and an outer ring, numbered 7. The latter relates to the strongest deflections experienced by beam and were measured at ±4µradians, corresponding to regions where the skyrmion is magnetised completely in-plane. The magnitude of maximum deflection angle (β = eλB S t/h) is equivalent to a magnetic induction thickness product, B S t = 13.3T · nm. The region of the specimen in which the images were acquired was measured to have thickness in the range t = 60 − 80nm and thus the strength of the induction can be inferred to be B = 0.2T . As the electron beam is only sensitive to in-plane components of induction, in the absence of strong domain wall features with associated magnetisation divergence acting as sources of stray magnetic field,it is justifiable to assume that β is a measurement of the strength of the in-plane magnetisation. Our value for the magnetic induction agrees well with measurements of magnetisation performed for bulk FeGe. Lundgren et al. 45 measured a magnetic moment of m S = 1µ B per Fe atom which translates to a saturation induction B S = 0.411T . From a fitted Brillouin function, at T = 250K they also measured magnetisation to be reduced by 50% , yielding B = 0.207T . Returning to figure 2(e), the bivariate histogram provides a strong depiction of intrinsic symmetry within the skyrmion through the presence of six spokes, numbered 1-6, projecting inwards towards the histogram centre and the hexagonal appearance of the outer ring, numbered 7. Figure 2(f) plots the radially averaged intensity profile produced by sweeping the line, indicated in figure 2(c), through a full rotation about the skyrmion core. From figure 2(f) it can be seen that the average skyrmion has a measured radius of 40 nm. Taking together all of our imaging and analyses in figure 2 we deduce that in common with their lattice symmetry, the average lattice skyrmion possesses a hexagonally symmetric internal structure in this case. Previously it has been reported that purely cylindrical rotation was observed by electron holography in FeCoSi 27 , our measurements indicate a more subtle variation in the FeGe system. 
III. MEASUREMENT OF STRUCTURAL EVOLUTION
The evolution of lattice skyrmion structure in response to an applied field was studied by forming average skyrmions from DPC lattice images, at field strengths from 796 to 1938 Oe, figure 3(a-e)(colour vector images of the skyrmion lattices from which the average skyrmions are produced can be viewed in figure S5 of the Supplementary Information). It can be seen that the skyrmion remained similar at all field strengths although the diameter of the core appeared to reduce with increasing field strength. This was confirmed by radially analysing the intensity profile from magnitude images, as was performed earlier in figure 2(f). Plotting profiles as a function of applied field in figure 3(f) showed that the core radius decreased by 7nm ( and hence diameter = 14nm), evidenced by inward shifting of the peak position, from H appl = 796 to H appl = 1938Oe. This observation is highly important since it signifies that the magnetic structure of the Bloch type skyrmions in this system is not fixed but results from energetic interplay between various terms and that the skyrmion profile is a non-linear response to this. Furthermore, that the core reduces in diameter with increasing field strength, supports the core magnetisation, which lies out of plane, is oriented anti-parallel to both the applied field and to the magnetisation at the skyrmion boundary.
IV. VARIATION ABOUT PERFECT SKYRMION STRUCTURE
As our images in figure 1 showed, skyrmions form highly ordered lattices, but on an invidual basis there appears to be a natural level of structural variation. In order to investigate this further, we employed an enhanced DPC method that we have developed where a pixelated detector (Medipix3 53 , 256x256 pixels) replaced the segmented detector 47 . For each electron beam scan location on the specimen, images of the transmitted bright field electron disc were obtained. Routines for processing the resulting 4D dataset have been developed by us 47 in order to attain measurement of the Lorentz deflection of the electron disc with better than sub-pixel accuracy. Applying this method we have produced DPC component and colour in-plane vector images of lattice skyrmions for H appl = 796Oe in figure 4(a)-(c) (STEM images 256x256 pixels, beam convergence semiangle α = 2.2mradians, spatial resolution better than 1nm, pixel resolution 0.92nm). As figure 4 (e) where it can be seen that the histogram again consists of six symmetry spokes, numbered 1-6, and an outer ring, numbered 7. In contrast to figure 2(e), the outer ring depicts an increased angular deflection larger than ±5µradians which we ascribe to the data here being acquired from thicker region of the nanowedge, 80 − 100nm, than that in figure 2. In order to understand how the features of the bivariate historam correspond to real space locations within the structure of the skyrmion we have selected and colour coded these, as illustrated in figure 4(f), and reconstructed each in figure 4(g). From figure 4(g) it can be seen that the symmetry spokes numbered 1-6 in figure 4(f) correspond to discrete zones at the corner regions of the skyrmion and also to regions which project inwards towards it's centre. The outer ring in figure 4(f) numbered 7 , where the in-plane magnetic component of magnetic induction is strongest, occupies the region midway between the boundary and the skyrmion centre in figure 4(g). Relating the form of the bivariate histograms to the real space features highlights that this is an effective method by which to characterise distortions. A key indicator of symmetry reduction is given by the symmetry spokes not possessing equal angular separation, which, in real space, corresponds to unequal hexagon boundary lengths. A clear example is shown when comparing figures 4(f) and (g). In figure 4(f) symmetry spokes 1,2 and 3 have a closer angular spacing than spokes 4, 5 and 6. Examination of figure 4(g) reveals that the side lengths of the boundaries of the skyrmion are shorter for 1-2 and 2-3 than the other sides. Similar distortions are evident in figures 4(h)-(j) and by referring back to figure 4(d) for locations in figure(c) this observation can be correlated to there being non-equal hexagon boundary lengths and non-equal areal occupation of the colour domains within individual skyrmions. In the present study we were unable to correlate the observed variations in symmetry with any identifiable features in the single crystal samples although we cannot rule out that such distortions might have been caused by undetected strain or bending of the specimen.
V. THEORETICAL PREDICTION OF STRUCTURE FOR LATTICE SKYRMIONS A. Phenomenological model
The standard model for magnetic states in cubic noncentrosymmetric ferromagnets is based on the energy density functional 1,28
with the principal interactions essential to stabilize modulated states: the exchange stiffness with constant A > 0, Dzyaloshinskii-Moriya coupling energy with constant D, and the Zeeman energy; m is the unity vector along the magnetization vector M = mM , and H is the magnetic field applied along the z− axis. We investigate the functional (1) in a film of thickness L with free boundary conditions at the film surfaces z = ±L/2 and infinite in x− and y− directions. As an example, we carried out the full analysis of the rigorous solutions for hexagonal skyrmion lattices (Fig. 5 (a) ) in the film with the confinement ratio ν = L/L D = 1.51 where L D = 4πA/|D| is the period of the equilibrium helix in zero field (for details of the numerical methods see Refs. 37, 38 ). Due to the denser packing of individual skyrmions, such a hexagonal lattice provides smaller energy density in comparison with e.g. square skyrmion arrangement 38 .
B. Internal structure of an ideal skyrmion lattice: double twist versus compatibility
Figure 5 (b) shows the contour plot for the m z (x, y) component of the magnetization with the in-plane components m x and m y shown by the white arrows. Figure 5 (c)-(e) shows the distributions of the free-energy density w(x, y) (c), the rotational DM energy density w DM (x, y) (d), and the exchange energy density w ex (x, y) (e). All distributions in Fig. 5 have been averaged over the film thickness.
The skyrmions preserve axisymmetric distribution of the magnetization and the energy densities only near the centers of the hexagonal cells (the hexagonal cells are marked by the white-colored hexagons in Figs. 5 (b) -(e)) while the inter-skyrmion regions are strongly distorted. It is the consequence of an inherent frustration built into models with chiral couplings: the system cannot fill the whole space with the ideal, energetically most favoured double-twisted motifs. In particular, the vertices of the hexagon serve as sources for triangular regions of antiskyrmions (marked by the dashed line in Fig. 5 (b) ) with the magnetizations opposite to that in the center of the main hexagon. This leads to the decrease of the exchange energy density in these regions (Fig. 5 (e) ) with the simultaneous growth in the rotational energy density (Fig. 5 (d) ). The total energy density ( Fig. 5 (c) ), however, has benefit in the corners of the hexagons. That is the ring with the negative energy density, which is known to form at the outskirt of an isolated metastable skyrmion within the saturated state and to prevent a skyrmion from collapse (see e.g. Fig. 2 (d) in Ref. 39 ), acquires hexagonal symmetry once skyrmions are condensed into the lattice. The situation is opposite along the apothems of the hexagons: the smooth rotation of the magnetization from one skyrmion center to another leads to the lower DM energy density (Fig. 5 (d) ) and the larger exchange energy density (Fig. 5 (e) ). The total energy density (Fig. 5 (c) ) along the apothem of the hexagon has slightly larger value than along the diagonal. Note the formation of rectangular-shaped regions with the anti-skyrmion structure in the inter-skyrmion area where skyrmions meet by their sides, which are in particular well discernible for the surface energy distributions in Figs. 6 (b) , (c) (see further text for details).
C. Chiral surface twists and thermodynamical stability of hexagonal skyrmion lattices in nanolayers of cubic helimagnets
In Refs. 40 it was shown that a stabilization mechanism for hexagonal skyrmion lattices over the conical phase in thin-films of non-centrosymmetric ferromagnets is provided by the formation of so called chiral twists arising near the surfaces and decaying into the depth of the sample. These chiral surface twists arise owing to the gradient terms m x ∂m y /∂z − m y ∂m x /∂z in the DM energy density and become evident in additional rotation of the in-plane component of the magnetization outward or inward from the center (see white arrows in Figs. 6 (b),  (c) showing m x and m y components on two surfaces).
The surface twists significantly alter the energetics of the hexagonal skyrmion lattices (Fig. 6 (a) ): the energy density w(z) -the energy density obtained after averaging in the plane (x, y) for a given coordinate z -gains two pockets with the negative energy density over the conical phase. Therefore, the thermodynamical stability of skyrmions rests merely on the comparison of the surface areas of w(z) below (blue-colored regions) and above (red-colored regions) the energy density of the conical spiral (dotted line in Fig. 6 (a) ). The magnetic phase diagram obtained for free-standing cubic helimagnet nanolayers in Ref. 40 shows a vast region with the thermodynamically stable hexagonal skyrmion lattices in a broad range of the confinement ratios ν. The energy density distributions w(±L/2, x, y) for the surface layers ( Fig. 6 (b) , (c)) are dominated by the rotational energy density due to the additional surface twists. The energy density distribution of the layers in the middle of the films w(0, x, y) are intact by the surface twists and look quantitatively the same as averaged distributions in Fig.  5 (a movie showing energy distributions for all layers can be found included as Supplementary Information).
D. Evolution of the hexagonal skyrmion lattice in an applied magnetic field
In general, as long as the surface twists modify the skyrmion solutions only in the direct vicinity of the surfaces and, moreover, any effect on the energy distributions (Fig. 5) is averaged out, in what follows we consider the magnetization processes of the hexagonal skyrmion lattices for bulk helimagnets not confined by the surfaces.
With the increasing magnetic field, the skyrmion cores are being gradually localized. Dashed red curves in Fig.  7 (a) show angular profiles θ(ρ) as obtained along the apothem of the hexagonal unit cell. As these profiles bear strongly localized character, a skyrmion core diameter D 0 can be defined in analogy to definitions for domain wall width 30 , i.e. as two times the value of R 0 , which is the coordinate of the point where the tangent at the inflection point (ρ 0 , θ 0 ) intersects the ρ-axis (Fig.  7 (a) ). Fig. 7 (c) shows the corresponding contour plots of the skyrmion solutions for H/H D = 0.8. The lattice period, on the contrary, first shrinks reaching minimum at H/H D ≈ 0.44 (point b in Fig. 7 (b) ) and then increases.
here is the saturation field of the conical phase 3,28 . Into the homogeneous state the skyrmion lattice transforms by infinite expansion of the period at the critical field H S ≈ 0.8H D : the skyrmion core retains a finite size (solid line in Fig. 7 (b) ), D 0 (H S ) = 0.92L D and the lattice releases a set of repulsive isolated skyrmions, owing to their topological stability. These free skyrmions can exist far above H S up to the field of skyrmion collapse. On decreasing the field again below H S , the skyrmions can recondense into a skyrmion lattice. Mechanism of lattice formation through nucleation and condensation of isolated skyrmions follows a classification introduced by DeGennes 41 for (continuous) transitions into incommensurate modulated phases. For H > H S the system is magnetized homogeneously, but for H < H S the skyrmion lattice must be formed. According to De-Gennes, the fully saturated ferromagnetic state is stable locally. However for H < H S , it becomes unstable with respect to certain distortions of large amplitude -skyrmions: in practice, isolated skyrmions as excitations of the saturated state nucleate near defects, and then condense into the lattice. Such nucleation-type phase transitions are rather frequent in the condensed matter physics: (a) the entry of magnetic flux in a type II superconductors involves nucleation of vortex lines; (b) an electric or magnetic field induces the transition between a cholesteric and a nematic liquid crystals; (c) the magnetic samples break up into domains with increasing role of demagnetizing field 42 . The system, however, may undergo another scenario when an enhanced coercitivity of the system prevents the formation of skyrmion lattices. In this case, skyrmions rather undergo an elliptical instability with respect to the helical state (see Ref. 43 for details). Note, that H S is a function of the confinement ratio ν and strongly increases for thinner magnetic films. The reason for this phenomenon lies in the surface twists that bring an additional energy into the system. For ν < 0.68 H S becomes even larger than H D 44 . For a negative magnetic field applied along the magnetization in the center of skyrmion cells, both the skyrmion cores and the lattice cell size expand. Near the critical field H h = 0.616H D the vortex lattice consists of honeycomb-shaped cells separated from each other by narrow 360 o domain walls (Fig. 7 (d) ). This honeycomb lattice is highly unstable. It is hardly accessible, easily elongates into spiral state, and does not release any isolated skyrmions.
In reality, however, the hexagonal skyrmion lattices correspond to the global minimum of the magnetic energy functional (1) only in some range of applied magnetic fields, and undergo the first-order phase transitions into other modulated phases: according to the phase diagram in Ref. 40 , for ν = 1.51, hexagonal skyrmion lattices evolve from helicoids at H/H D ≈ 0.2 and are replaced by the cones at H/H D ≈ 0.81. These processes are accompanied by the formation of multidomain patterns of the competing phases and domain boundaries of non-trivial topology. The periods of the hexagonal skyrmion lattices in thin films will slightly differ from those in bulk magnets. The inset in Fig. 6 (a) shows the inter-skyrion distance for ν = 1.51 in the region of the skyrmion thermodynamical stability.
VI. DISCUSSION & SUMMARY
Through our combination of highly resolved experimental imaging and theoretical modelling we have revealed new insight into the internal structure and behaviour of magnetic skyrmions. We have shown that on average lattice skyrmions possess a pronounced internal six-fold symmetry and in response to an applied magnetic field of increasing strength we have measured a reduction in skyrmion core diameter. Comparison of the core size evolution with the prediction from the theoretical model, figure 7(a), can be made by re-plotting the experimental data from figure 3(f) as skyrmion spin angle in figure  8(a) , with the x-axis spatial coordinate expressed as a function of L D . We have also experimentally measured the variation of skyrmion lattice period (employing radial profile measurements from autocorrelation of images such as figure 1(e) -further information given in Supplementary Information) and plot the lattice period variation in figure 8(b) . It can be seen that across the range of applied fields that lattice period varied non-linearly in the range from 80 to 76 nm. Again our experimental observation shows good qualtitative trend agreement with the theoretical variation depicted in figure7(b).
Taking together our observations and the agreement with theory, we can conclude that the magnetic response of the skyrmion lattice phase to applied fields is nonlinear and governed by energetic competition between the exchange, DMI, anisotropy and magnetostatic energy terms. Furthermore, our model predicts that lattice skyrmions in a free-standing nanowedge could possess significant three-dimensional structure variation through the existence of twist states close to the material surfaces and which stabilise the skyrmion lattice phase. From the experimental results reported here we are unable to confirm the presence of surface states but we are currently conducting careful investigations to find evidence or otherwise of their existence.
Having demonstrated the capacity of the lattice skyrmion internal structure and lattice period to be altered in response to an applied field, our observation of natural structure variation is perhaps not so surprising. That symmetry lowering distortions of the internal structure occur, suggest that these are likely in response to a source of intrinsic strain.
Whether the source is mechanical, from strain distributions within the nanowedge crystal, or due to "magnetic" strain distributions in the skyrmion crystal lattice itself remains a topic for further investigation. It has been demonstrated that at crystal grain boundaries 50 and through the application of modest mechanical strain there can be significant influence on the skyrmion lattice structure in FeGe 51 . Alternatively magnetic strains causing defect structures in skyrmion lattices have also been shown to exist at skyrmion lattice rotational domain boundaries 36 . Finally, as an extension to this work, we propose that if isolated, single skyrmions can be obtained in the cubic B20 materials, that it is interesting to investigate their internal symmetry and precise spin profiles in order to compare with their lattice bound counterparts. It is possible to obtain unbound skyrmions under high magnetic field conditions as shown by Yu et al.
14 and in our own experiments (unpublished). We intend to carry out such an investigation using our DPC pixelated detection technique. enhancement of research universities (Hiroshima University) and the UK Engineering and Physical Sciences Research Council, grant number EP/M024423/1. 
